Reports on the relative importance of the diastolic and systolic blood pressures (DBP and SBP) in age-related cognitive decline are mixed. Investigating the relation between DBP/SBP and functional and structural brain changes could elucidate which of the 2 measures is more critically important for brain function and, consequently, cognitive impairment.
Original article
Blood pressure elevation is an important risk factor for agerelated cognitive decline, mild cognitive impairment (MCI), and Alzheimer's disease (AD). 1, 2 The cerebral vasculature is a system directly impacted by elevated blood pressure, which leads to perfusion changes, microvascular injury, and bloodbrain barrier permeability. 3 Whether elevated levels of systolic or diastolic blood pressures (SBP or DBP) have stronger impact on brain remains a matter of debate. Some studies have demonstrated an association between cognitive decline and high DBP, but not SBP, in older adults with and without cognitive impairment. [4] [5] [6] [7] [8] Interestingly, it has been argued that both high and very low levels of DBP can predict cognitive impairment 20 years later. 9 Other studies have shown a correlation between cognitive decline and high SBP in older adults, 10 as well as between midlife high SBP and latelife cognitive impairment. 11 The discrepancy between these findings likely reflects the complexity of the mechanisms by which blood pressure affects brain and, consequently, cognitive function. Direct estimation of the correlation between DBP/SBP and MCI-related changes in brain structure and function could shed light on these mechanisms.
Changes in the cortical volume, 12 cerebral blood flow (CBF), 13, 14 and white matter lesions (WML) 15, 16 are key factors that are associated with both hypertension and cognitive decline. Reduced CBF in parts of the gray matter (GM CBF) such as the posterior cingulate cortex and the parietal lobe has been associated with cognitive decline in patients with MCI and AD, with some studies reporting more extensive hypoperfusion in the AD patients that also covers parts of the temporal and frontal lobes. 13, [17] [18] [19] WML is proposed to be a measure of microvascular injury, 20, 21 and its clinical significance in MCI/AD is supported by the observation that MCI patients with higher WML volume are at greater risk of conversion to AD. 22, 23 The aim of this study was therefore to estimate and compare the associations of DBP and SBP with cortical volume, CBF, and WML. We also examined whether these associations hold true in the absence of cognitive impairment. Accordingly, we tested the following hypotheses in a group of nondemented, older adults with or without MCI: (i) DBP and SBP show differential correlations with the above-mentioned measures of brain function and structure, with some cerebral measures more strongly correlated with DBP and others with SBP. Such differential correlations could be the underlying reason for the discrepancy between studies of the associations between DBP/SBP and cognitive decline. (ii) Overall, DBP will be more relevant to the cerebral/cerebrovascular measures than SBP due to its role in coronary flow. 24, 25 (iii) Subjects with MCI will show stronger correlation between cerebral measures and DBP/ SBP compared with those with normal cognitive function.
METHODS

Participants
The ethics approval for the study was obtained from Emory Institutional Review Board. All participants signed an informed consent form. Two hundred sixty-five nondemented older adults, 50 years or older, were recruited from the greater Metro Atlanta community. MCI was diagnosed using cognitive testing (see the next section) and clinical diagnosis by study physicians or neuropsychologists, and 185 of all participants were categorized as having MCI. Blood pressure was measured in both arms while sitting and rested for 5 minutes, according to the American Heart Association guidelines, 26 and the arm with higher blood pressure was selected during a screening visit. Two subsequent measures in the selected arm were then obtained on the scan day, and the average of the 2 measurements was used in this analysis. Exclusion criteria included prior diagnosis of psychiatric disorders or neurological conditions including Parkinson's disease, multiple sclerosis, history of head injury, stroke or transient ischemic attack in the past 3 years, MRI contraindications, and women of childbearing potential. In addition, those with creatinine levels of greater than 1.99 mg/dl, serum potassium greater than 5.5 meq/l, and abnormal levels of thyroid stimulating hormone (TSH) (>10) or B12 (<250) were excluded.
Cognitive assessment
The cognitive tests included (i) the Montreal Cognitive Assessment, a 30-point test that assesses multiple cognitive domains: attention, executive functions, memory, language, visuospatial skills, short-term memory recall, calculations, and orientation 27 ; (ii) logical memory test that is part of the Wechsler Memory Scale-Revised 28 with a maximum score of 25; (iii) clinical dementia rating that assesses cognitive and functional performance in memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care and provides the dementia stage from 0 indicating no dementia (normal) to 3 indicating severe dementia 29 ; (iv) functional assessment questionnaire that includes questions regarding performance in 10 categories of complex higher order activities. 30 In addition, executive function was assessed using 4 tests: Trail Making Test-Part B, Digit Span and Digit Sequencing, modified Stroop interference, and Letter fluency. 31 MCI diagnostic criteria included Montreal Cognitive Assessment score <26; clinical dementia rating = 0.5; and functional assessment questionnaire rating <9; abnormal logical memory scores of <11 for 16 or more years of education, <9 for 8-15 years of education, and <6 for less than 8 years of education; or a performance at the 10th percentile or below on at least 1 of 4 tests for executive function. 31 The diagnosis of MCI or normal cognition was then confirmed by the study physicians and neuropsychologists via a consensus discussion.
MRI acquisition
Imaging was performed on a 3T MRI scanner equipped with a 20-element, receive-only head coil (Magnetom Prisma, Siemens, Erlangen, Germany). High-resolution, T1-weighted images were acquired using magnetizationprepared rapid gradient-echo imaging sequence: field-ofview = 256 × 256 mm 2 ; 176 sagittal slices; isotropic voxel resolution = 1.0 mm 3 ; repetition time/echo time/inversion time = 2,300/2.89/800 ms, respectively; flip angle = 8 degrees; and scan duration = 8 minutes and 37 seconds.
Cerebral perfusion was measured using arterial spin labeling (ASL). ASL images were acquired using a pseudocontinuous labeling method 32 combined with a 2D, gradient-echo echoplanar imaging sequence with field-of-view = 220 × 220 mm 2 ; 20 axial slices; voxel size = 3.4 × 3.4 × 5 mm 3 , with a 1 mm gap between slices; and repetition time/echo time = 3,500/16 ms. The pseudocontinuous labeling method consisted of a 1.5 seconds long train of radiofrequency pulses applied 9 cm below the center of the imaging volume with a mean gradient of 0.6 mT/m. 33 The post-labeling delay was 1 second. A total of 60 labeled and control pairs were acquired for scan duration of 7 minutes and 4 seconds.
To detect WML, high-resolution T2-weighted fluid attenuation inversion recovery images were acquired with field-of-view = 250 × 250 mm 2 , 160 axial slices, voxel size = 0.5 × 0.5 × 1 mm 3 , acceleration factor = 2, repetition time/echo time/inversion time = 4,500/367/1,800 ms, and scan duration = 6 minutes and 20 seconds.
Image analysis
A combination of image processing methods in FSL (https://www.fmrib.ox.ac.uk/fsl) and SPM (www.fil.ion.ucl. ac.uk/spm/) packages were used. For each participant, the ASL images were motion corrected and pair-wise subtracted to generate perfusion-weighted images, which were then averaged and smoothed using an 8 mm Gaussian filter. The T1 image was coregistered with the mean ASL image and segmented, during which deformation fields were calculated. The mean perfusion image was then normalized to the Montreal Neurological Institute (MNI) template using the estimated deformations. Finally, single-compartment flow model was used to generate images of CBF. 34 MNI-based GM mask was used to obtain mean GM CBF. For voxel-wise comparison between the MCI and control groups, CBF maps were scaled to the mean GM value to improve the statistical power by removing within-subject variability as well as between-subject variability due to factors such as age and sex.
Since CBF calculation is prone to partial volume effect, in order to verify whether GM volume differences between the 2 groups introduced bias in estimating CBF differences, voxel-based morphometry was implemented using the voxel-based morphometry toolbox 35 within SPM12. Briefly, T1 images were corrected for bias field, segmented into GM, white matter (WM), and cerebrospinal fluid, and normalized to the MNI template using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra and smoothed using an 8 mm Gaussian filter.
Fluid attenuation inversion recovery images were processed using lesion prediction algorithm as implemented in the Lesion Segmentation Toolbox version 2.0.15 (www. statistical-modelling.de/lst.html) for SPM. This algorithm The mean and SD of cardiovascular parameters, cognitive scores, and MRI parameters within each of the MCI and control groups are presented. P values of between-group differences after adjusting for sex, age, and race are also shown. uses a combination of voxel intensity and WM probability map as well as a previously trained algorithm to estimate the WML probability for each voxel. A detailed explanation of processing steps for fluid attenuation inversion recovery images is presented in Supplementary Appendix A.
Statistical analysis
The statistical analysis was performed using R-version 3.3.3 (https://www.r-project.org/), and the significance level was set at 0.05. We used multiple regression to investigate partial correlations of CBF, cortical and WML volumes (dependent variables) with SBP/DBP (independent variables) after adjusting for confounding variables. WML volume was adjusted for brain volume and log-transformed to reduce skewness, and for cortical volume, the cortex-to-brain volume ratio was used. In order to avoid an overfitting model due to a large number of potential confounders (see Table 1 ), the relevant importance of each variable was first estimated (http://prof.beuth-hochschule. de/groemping/relaimpo/) by calculating its contribution to the total variance of the dependent variable (CBF, cortical volume, or WML volume). The covariates were then selected for the linear model if they contributed to 95% of the explained variance of the dependent variable. A stepby-step description of the statistical analysis for estimating the partial correlations with DBP and SBP is given in Supplementary Appendix B. To further investigate the regional, MCI-related effects of blood pressure on CBF (as opposed to global measures of CBF), a voxel-wise comparison between the MCI and control groups was conducted to identify local perfusion differences. We then estimated the partial correlation between blood pressure measures and local CBF within regions where the MCI group showed hypoperfusion. Table 1 shows the demographics of subjects with and without (controls) MCI. Compared with the Whites, Blacks had more history of hypertension (84% vs. 57%; P < 0.001), higher DBP (mean = 82.4 vs. 75.1 mm Hg; P < 0.001), and SBP (mean = 137.2 vs. 129.0 mm Hg; P < 0.001) after adjusting for age and sex.
RESULTS
Subjects with MCI had higher DBP and SBP compared with controls, after adjusting for age, sex, and race (Table 1) . Although MCI subjects had more history of hypertension in total, this difference was not significant after adjusting for race ( Table 1 ), suggesting that race was driving this difference and was therefore included as a covariate in all our analyses. There were no significant differences in local (voxel-wise) GM volumes between the MCI and control groups after adjusting for age, sex, and race. Likewise, total brain tissues volumes (GM, WM, and cerebrospinal fluid), mean GM CBF, and total WML volume were similar between these 2 groups ( Table 1 ). Figures 1-3 show the changes in cerebral measures with DBP and SBP as well as the contribution of each variable to the explained variance of the cerebral measures, respectively. Table 2 shows the selected covariates and regression results after adjusting for these covariates. For each regression analysis corresponding to a cerebral measure as the dependent variable and either DBP or SBP as the independent variable, b refers to the regression coefficient for DBP/SBP and β represents the standardized coefficient, i.e., the change in SD of the dependent variable per SD increase in DBP/ SBP. As shown by Table 2 , reduced cortical volume ratio (cortex-to-brain volume ratio) was associated with elevated DBP (β = −0.18, P = 0.034) but not with SBP (β = −0.10, P = 0.206). Similarly, decreased mean GM CBF was associated with elevated DBP (β = −0.13, P = 0.048) but not with SBP (β = −0.07, P = 0.275). In contrast, increased WML volume (log-transformed) was associated with elevated DBP (β = 0.20, P = 0.005) and SBP (β = 0.30, P < 0.001). For all cerebral measures (cortical volume, CBF, and WML), there was no significant interaction between the cognitive status (MCI or control) and either DBP or SBP, indicating that the associations between the cerebral and blood pressure measures were not affected by the cognitive status. 
Partial correlation of cerebral measures with DBP/SBP
Local CBF differences between MCI and control groups
Voxel-wise CBF comparison showed reduced CBF in the posterior cingulate cortex, precunus, inferior, and superior parietal lobule of the MCI group, as shown by Figure 4 and Table 3 . The mean CBF within these voxels showed significant correlation with DBP (β = −0.17, P = 0.005), but not with SBP (β = −0.09, P = 0.120). MCI subjects did not exhibit hyperperfusion in any brain regions.
DISCUSSION
The main finding of this study was that DBP is associated with cerebral/cerebrovascular measures among nondemented older adults. Our results suggest that across the cognitive spectrum from normal aging to MCI, elevated DBP is associated with reduced cortical volume and perfusion. Reduced cortical volume is a key factor in age-related cognitive decline and is also shown to be associated with hypertension. 12 Decreased perfusion may be the earliest sign of conversion into MCI [16] [17] [18] 36 , and its relation to elevated DBP offers additional information regarding brain aging from the cerebrovascular perspective. We also found the same pattern of correlation when we compared the associations of DBP and SBP with CBF in the hypoperfused regions in the MCI group: namely, parts of the posterior cingulate cortex, precunus, inferior, and superior parietal lobule: as before, CBF in these regions was only associated with DBP and not with SBP. Hypoperfusion in these areas is in line with previous studies of MCI patients and has been attributed to impaired memory. 13, 17, 19, 36 Consequently, these results suggest that significant contribution of DBP (but not SBP) to cerebral perfusion is also evident in brain regions affected by memory and cognitive impairment, confirming that DBP has a rather broad role in cerebral perfusion regardless of the coexisting cognitive impairment. Indeed, previous studies have demonstrated the role of vascular risk burden in future cognitive decline among older adults with or without normal cognitive function. 1, 2 WML volume was associated with both DBP and SBP across the disease spectrum, although SBP showed slightly stronger correlation. WML is considered to be a surrogate for cerebral microvascular injuries typically seen in MCI patients. 1, 16, 22 It is also shown that WML is associated with dysfunction in cerebral autoregulation, i.e., maintaining a constant cerebral perfusion despite changes in blood pressure, and amyloid deposition. 37 These findings suggest that high DBP and SBP are associated with autoregulatory dysfunction and development of cerebral microvascular injuries. The observation that increased WML is associated with both DBP and SBP is likely due to long-term damage to regions of the WM that are most vulnerable to chronic hypoperfusion. The number of voxels and MNI coordinates of peak voxels within each cluster and the anatomical regions are presented. P values correspond to clusters and are corrected using family-wise error. Abbreviations: MCI, mild cognitive impairment; MNI, Montreal Neurological Institute; MTG, middle temporal gyrus; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; PCC, posterior cingulate cortex; PCu, precuneus. The regression parameters for each cerebral measure as the dependent variable and either DBP or SBP as the independent variable are presented. For each regression analysis, the regression coefficient (b) and its 95% CI, standardized coefficient (β), P value, and R 2 of the multiple regression are presented. For each regression, the covariates were chosen so as to account for 95% of the explained variance of the dependent variable: cortical volume ratio = sex + age + race + cognitive status + diabetes +smoking + alcohol + heart failure + education + (DBP or SBP); CBF = sex + age + race + cognitive status + diabetes + smoking + alcohol + heart failure + cholesterol + (DBP or SBP); log (WML volume) = age + race + cognitive status + smoking + heart failure + brain volume. Abbreviations: CBF, cerebral blood flow; CI, confidence interval; DBP, diastolic blood pressure; MCI, mild cognitive impairment; SBP, systolic blood pressure; WML, white matter lesion.
Taken together, reduced cortical volume and perfusion and increased WML volume (hence cerebral microvascular injuries) are likely initiated by different mechanisms.
The fact that DBP has a more encompassing effect on all neuroimaging markers than SBP suggests that DBP may be more critically relevant in aging, and an early indicator of the cognitive decline before long-term and more severe damages is evident. Indeed, a study of a group of nondemented elderly subjects has shown that high DBP could predict atrophy in the hippocampus and amygdala in 5 years. 38 We did not observe a J-curve effect of DBP on cortical volume, CBF, or WML. However, our sample included older adults mostly with normal to high levels of DBP and SBP. Therefore, we could not fully examine possible effects of very low DBP. Few but not all prior studies have suggested negative effects of low DBP on cardiovascular disease 24, 25 and cognitive impairment, 9 particularly in patients with cardiovascular disease.
The main limitation to our study is the cross-sectional design. 39 Although this limits our ability to identify future risk stratification by DBP and SBP, it allows us to investigate the concurrent importance of blood pressure on cerebral vasculature. These associations may have a clinical relevance as DBP may need to be evaluated as a risk factor for cognitive impairment. Furthermore, we used the average of 2 blood pressure measurements on the day of MRI scan. Although this is a commonly used practice in hypertension studies, more measurements might reveal additional associations. Another limitation is the use of a relatively low post-labeling delay, which could lead to inaccurate estimation of CBF as well as intraluminar signal due to presence of labeled spins in arteries. To address these potential issues, each CBF map was visually inspected and those that failed the visual QC were excluded from further analysis. To some extent, the short postlabeling delay is expected to have introduced a systemic error considering that participants were in the same age group (see Table 1 ). To further reduce these errors and intersubject variability, we used normalized CBF maps (scaled to mean GM value) for voxel-wise comparison between the MCI and control groups. This is a generally accepted approach provided that mean GM CBF is similar between the 2 groups, which was a valid assumption for our sample. Finally, the CBF maps were not corrected for partial volume effect. Partial volume correction is usually performed to compensate for low spatial resolution in ASL, which results in additional signal form WM and cerebrospinal fluid. However, these methods can cause blurring 40 and can be prone to misregistration between ASL and T1 images. Instead, we performed voxel-based morphometry analysis to verify whether differences in GM volume between the MCI and control groups introduced a bias in interpretation of perfusion differences. However, no differences in local or total GM volume were found between the MCI and control groups in our study group.
In conclusion, these results suggest that elevated DBP is a critically important measure in assessing reduction in GM volume and perfusion in healthy and early stages of cognitive impairment and may offer a more expansive overview of cerebrovascular health. However, both DBP and SBP are equally critical for microvascular injury. These findings offer improved insight into mechanisms by which blood pressure elevation might be affecting cerebrovascular function.
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